SUMMARY The difficulty of applying conventional concepts of respiratory mechanics to high frequency ventilation (HFV) has so far inhibited its general acceptance by clinicians. The basis of an approach derived from an acoustic analysis of the ventilated patient is presented which may help to clarify the mechanism of action of HFV and offer some guidelines to its clinical application. The ventilator is considered as an acoustic source, and the patient's acoustic response to the ventilator is analysed. A response equation for the patient's respiratory system at low frequencies is derived, from which an expression for the fundamental resonant frequency is obtained. The high frequency acoustic response of the patient is examined with particular reference to the possibility of exciting multiple resonant modes within the airways. Following this, we have discussed the significance of the acoustic response and acoustic resonance in relation to gas exchange. It is suggested that these resonances may be used in adjusting indices of HFV in order to obtain optimum ventilation.
a pressure pulse or train of pulses in a gas or fluid may be analysed by considering the behaviour of acoustic waves. Acoustic waves are characterized by indices such as frequency, wavelength and velocity of propagation and, within a narrow frequency band , are responsible for the sensory phenomenon of hearing.
The following discussion considers a patient receiving mechanical ventilation as an acoustic system in which a source of acoustic waves (the ventilator) radiates into an acoustic load (the patient and ambient surroundings).
The ventilator as an acoustic source
The simple system shown in figure 1 illustrates that any ventilator acts as a source of acoustic waves. It consists of an air jet interrupted by a spinning disc to produce a train of pulses. This mechanism is similar to that of a familiar acoustic source, the early air raid warning siren (ClarkJones, 1946) . However, by changing the frequency of operation, such a mechanism could, in principle, form the basis of either a conventional or a high frequency ventilator. The acoustic output of a ventilator can be characterized by the frequency-power spectrum of the pressure waveform produced. Two examples of pressure waveforms and their corresponding power spectra are shown in figure 2. These illustrate (a) that if the pressure waveform is sinusoidal all the acoustic power occurs at a single frequency, and (b) that, in the case of a square wave, power exists at several harmonics as well as at the fundamental frequency. Further modification of the acoustic power spectrum ultimately presented to the patient's respiratory system may occur at the interface used between the ventilator and the patient. If the ventilator delivers gas to the patient through a jet cannula, as in high frequency jet ventilation (HFJV), this acts as an additional source of noise at frequencies in the kHz range (Smith, 1986) (fig. 3).
Considerations of acoustic wavelength
An important relationship in the analysis of any acoustic system is the ratio of the acoustic wavelengths involved to the physical dimensions of the system. Each acoustic frequency is associated with a specific wavelength determined by the relationship v = fk where v = velocity of sound,/= frequency, and X = wavelength. Some examples are shown in table I. From these values it can be seen that, when comparing wavelengths to the dimensions (d) of the system (that is, patient and ventilator), two distinct situations emerge. The first arises when the wavelengths are very much greater than the overall dimensions of the system, that is K P d. This occurs at fundamental ventilation frequencies (0.2-2 Hz). In contrast, at higher frequencies (20 kHz) which may be generated by a jet cannula, the relationship X ^ d, is more applicable. X<td acoustic wavelengths are much greater than the dimensions of the system, the spatial variation of pressure becomes non-significant and the system is effectively subject to a time variant pressure signal only. Thus at low frequencies (where X > d) the analysis of a system's acoustic response is simplified in that a " lumped element" approach can be used (Kinsler and Frey, 1962) . At conventional ventilation frequencies this results in the valid use of the compliance and resistance model. However, at high frequencies, inertia must be taken into account and this introduces the possibility of resonance. A simple model representing the respiratory system of a patient is shown in figure 4 and this has been used to analyse the acoustic response of the patient at fundamental ventilation frequencies. This model consists of the compliant volume of the thorax being driven by a force produced by the ventilator, via the air column in the conducting airways. This vibrates the air column axially like a piston in a cylinder. Using this model, an expression for the resonant frequency, f 0 , of the respiratory system can be derived (Appendix 1): Perhaps of more practical value than the absolute values for resonant frequency, are the simple relationships between f 0 and L, S and C. Acoustically, the rigid tube in the above model could also include connections between the ventilator and the patient, and thus, the relationship:
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Wf will apply, not only to variations in individual anatomy, but also to the dimensions of the connecting pipes which may become significant in their effect on the resonant frequency of the system.
Similarly, the relationship:
We gives a guide as to how resonant frequency will vary with thoracic compliance, and possibly how ventilation frequencies should be varied if compliance changes.
The response of the patient's respiratory system to high frequencies (k <g d). As discussed above, a ventilator, if interfaced to the patient using a jet cannula, produces high frequency components extending the frequency range of the acoustic output into the upper audio range. At these frequencies the wavelengths are small compared with the dimensions of the system (k <3 d). In this case, analysis of the response of the system involves examining the way in which acoustic waves propagate throughout the respiratory tract. At these frequencies local resonances may be excited within the airways themselves. The production of such resonances will be dependent on the changes in acoustic impedance (Appendix 2) seen by the waves as they travel through the airways. Where there are changes in acoustic impedance, partial reflection of the acoustic waves will take place and lead to the formation of standing waves. Changes in impedance will occur with any alteration in the geometry of the airway and, in particular, where there is a change in cross-section or branching.
FIG. 5. Diagram showing fundamental resonance in trachea between glottis and carina with antinodes (AN) and node (N).
An example would be the fundamental mode for the trachea between the glottis and the carina ( fig. 5 ). Given that the acoustic impedances are fairly closely matched, since the sum of the cross-sectional areas of the bronchi is similar to the cross-section of the trachea, the fundamental resonant mode will be similar to that in an open-ended pipe. Thus the resonant frequency, / 0 , is given by:
where a = velocity of sound, L = length of trachea.
Taking typical values for an adult, we obtain a resonant frequency for the trachea of: As we move down the respiratory tract, decreasing lengths of airway will occur between successive branches and the resonant frequency of the standing waves formed will increase ( fig. 6 ). Such frequencies may be generated by cannulae typically used in HFJV (Smith, 1986) (fig. 7) .
DISCUSSION
The preceding acoustic analysis demonstrates two main points. First, it shows that the resonant frequency of the respiratory system as a whole can be derived from a simplified theory. This frequency, as discussed below, is in rough agreement with the optimum frequency for ventilation observed by other workers. Second, it shows again with simplified theory, that local resonances can be expected at much higher frequencies and that frequencies in this range are generated by jet ventilators.
At low frequencies it is assumed that the ventilator-patient combination behaves as a linear system in response to acoustic signals. This is valid where limited gas flow rates and tidal volumes are involved as in high frequency oscillation, but is less so at the higher tidal volumes and flow rates used in other forms of HFV. The lumped element expressions obtained for the inertance and resistance coefficients in the response equation (a) (Appendix 1) also depend on the nature of the flow velocity profiles in tie airways. Correction of the flow resistance is discussed later; however, this should not significantly affect the value for the resonant frequency at low frequencies. The inertance may be corrected by a factor which assumes a value between 1.0 and 1.33 as the velocity profile in the airway varies from plane to parabolic in shape (Van Den Berg, 1960) . However, bearing the preceding limitations in mind, a qualitative discussion based on the above model still remains valid in describing the acoustic response of the system, and can offer some guidance in practical situations.
In the high frequency model, the resonant frequency of a given rigid tube is calculated quite simply as shown earlier, but this is only an approximation to the real situation of intra-airway resonance which will be affected by many factors, including the following: (i) Compliance of the airway walls, (ii) Variation of the velocity of propagation in the tube with radius of the tube. The velocity decreases with radius and wavelength. (iii) Variation of velocity of propagation with pressure or composition of gas in the tube, (iv) Decrease in velocity of propagation with irregularities or contained matter (secretions).
The low frequency model
The representation of a ventilated patient as a simple mechanical oscillator at low frequencies carries certain implications. The periodic motion of a mechanical oscillator is associated with an interconversion of kinetic and potential energy. In the case of a simple pendulum, this interchange occurs between the velocity of the bob and its height. In the above model tie interchange occurs between the inertance and compliance elements. When the system is left to oscillate, this interconversion of energy will occur at a frequency determined by the elements in the system; that is, its resonant frequency. However when a periodic force is applied to the system, as when a patient's lungs are ventilated, the response will be determined by the driving and resonant frequencies. In this case forced oscillations are said to be taking place. In order to produce oscillations, a continuous energy input is required. However, as the driving frequency, /, approaches the resonant or natural frequency,/,, of the system, the magnitude of the response for a given input will increase to a maximum ( fig. 8 ). This can also be derived mathematically from equation (c) in Appendix 1.
Thus the response to a given input is a maximum at f 0 (curve A), or alternatively, the input amplitude required to produce a given response will be a minimum at/ 0 (curve B).
The relationship between the mechanical behaviour of the patient's respiratory system and gas exchange may be related to two possible mechanisms. First, increased movement of the chest wall may facilitate bulk gas mixing within the lungs. Second, the tidal volumes attained will be related to the amplitude of the excursions of the chest wall. At resonance the mechanical response is maximal for a given energy input as reflected by baseline to peak airway pressures. Therefore, at resonance the effect of these mechanisms on gas exchange could be maximum for minimum airway pressures.
HFV studies in animals have suggested the existence of an optimum frequency for ventilation as reflected by the steady state P&c Ol . This has been found to be in the region of 20 Hz using rabbits with oleic acid-induGed lung disease (Wright et al., 1981) . Work with dogs using measurements of steady state P^Q l yielded a value for optimum ventilation frequency of 15 Hz (Bonn et al., 1980) . In man, it has been found that short term carbon dioxide removal at constant tidal volume (FT), increased with frequency up to about 5 Hz and then remained stable or decreased (Goldstein et al., 1981) . In an HFV study of six ventilator-dependent patients with neuromuscular disease (Rossing et al., 1981) , assessments of the effectiveness of ventilation suggested an optimum range of ventilatory frequencies of between 200 and 500 b.p.m. (3.3-8.3 Hz). Drazen, Kamm and Slutsky (1984) concluded in their extensive review of HFV: "...in most species studied there is a frequency above which Fco 2 no longer increases or may even decrease at a fixed FT. This is > 25 Hz in normal dogs and ~5Hz in normal humans."
Damping factors
The effect of damping in the system is represented mathematically by the coefficient K T in Appendix 1, equation (c), and can affect the response curve as shown in figure 9 .
In practice, damping is caused by the resistive elements in the system and represents elements in which energy is dissipated rather than being stored as in the inertance or compliance elements. Thus an increase in resistance leads to an increase in damping. The resistive element includes the following factors: (i) Resistance to gas flow in the airways, (ii) Viscous and frictional forces in the expansion of the thorax and airways, (ii) Acoustic radiation resistance seen by the acoustic signals emitted from the large airways and the radiation resistance seen by the chest wall as it moves.
In the simple analysis of the system described above the resistance to flow in the airways is taken to be independent of frequency but, in practice, it has been found that this factor is frequency dependent (Finucaine et al., 1975) . This effect is the result of the non-parabolic velocity profiles obtained with periodic flows, and could increase flow resistance by 30% from the value at steady flow.
Damping is of practical significance as a possible hazard exists at resonance. When the system is driven at the resonant frequency, if the system damping is inadequate, the maximizing of intrapulmonary gas dynamics might become harmful to the patient. In HFV the energy delivered to the system is dependent on the driving pressure and the inspiratory period. Thus, to control the amplitude of the response at resonance these variables should be decreased accordingly. Initial work with animal models suggests that, at low frequencies, the system is heavily damped, limiting the Q factor to 2 or less at resonance (Smith and Lin, in preparation).
The high frequency model
Consideration of the acoustic response of the conducting airways suggests that multiple resonant modes could be excited by a suitable acoustic input. The occurrence of such multiple resonant modes is supported by work with computer models simulating branching airway networks (Fredberg and Hoenig, 1978) , and isolated canine lung preparations (Fredberg et al., 1978) . The precise role of acoustic resonance within the conducting airways in gas mixing and, hence, gas exchange has yet to be quantified. The production of resonance in a tube is associated with considerable agitation of the gas in the tube. It has been shown in preliminary experiments (Smith, 1986) , that the rate of mixing of carbon dioxide and air in a closed tube is increased significantly by application of a frequency close to the resonant frequency of the system. Certainly, bulk flow of gas in resonating tubes occurs (Rayleigh, 1883) . Rayleigh concluded that mean motion of the gas in the tube occurred at resonance from the antinodes to the nodes close to the walls of the tube, and returned axially in the opposite direction. In the same period, Dvorak (1878) observed another phenomenon in air resonators which could be significant in affecting bulk flow of gas in an air resonator. This was the production of a mean pressure greater than atmospheric pressure inside the resonator during resonance. The excess pressure was enough to cause movement of the resonator itself, as described by Lord Rayleigh "... somewhat after the manner of a rocket ".
CONCLUSION
The model presented above is limited to analysing the acoustic behaviour of the respiratory system of a ventilated patient. Use of linear systems analysis implies that care must be taken when attempting to make quantitative deductions about gas mechanics in the system, owing to the non-linear nature of gas flow in many practical situations. However, BRITISH JOURNAL OF ANAESTHESIA the discussion remains valid over the range of frequencies and tidal volumes encompassed by HFV, and to a certain extent provides a concept that covers the whole clinical range of ventilation. The relationship between the acoustic response of a patient and the gas mechanics (and gas exchange) is not established, but the concept that they are totally independent is unlikely. Practical evidence in bench models, animal models and human subjects suggests that such a relationship exists and may be significant. Other workers have described four general classes of information required for a complete physiological understanding of HFV (Drazen, Kamm and Slutsky, 1984) : (i) The distribution of airflow within the lung over a wide range of frequencies, (ii) The basic mechanisms by which local airflows lead to gas transport.
(iii) A model to predict overall gas transport rates. (iv) An experimental data base which can be compared with model predictions.
To complement this understanding in the clinical situation, a simple model is required which provides optimization criteria that can be realized practically by manipulating ventilator hardware and controls. The development of a valid acoustic model could help to fill this gap if acoustic resonance proves to be significant in promoting gas exchange. In such a case, matching the acoustic output of the ventilator to the acoustic response of a patient could become a clinically useful manoeuvre.
APPENDIX 1
The response of the system in figure 4 is obtained by equating the applied force, F(t), to the sum of (i) the force required to overcome the inertia of the gas in the rigid tube, (ii) the resistive force opposing motion of this gas, and (iii) the force attributable to the compliance of the thoracic volume. Let x «• the axial displacement of any particle of gas in the tube. p = the density of the gas in the tube. Then the inertial force, F,, required = mass of gas x acceleration: F, = ,.S.p.g
The resistive force, F r , opposing motion of the gas, is proportional to the velocity of flow in the tube. This force may be approximated to the sum of the acoustic radiation resistance of a piston in an infinite baffle (Kinsler and Frey, 1962 ) and the resistance to flow attributable to the tube, R f . f K where a = velocity of sound, * = wave number = 2n/X.
Further consideration of these resistive factors is presented later.
The force due to the compliance of the enclosed volume, F c , is given by the product of the increase in pressure resulting from the displacement of the gas in the tube, x, and the cross-sectional area of the tube: 
APPENDIX 2
Acoustic impedance and the conducting airways The transmission of acoustic waves through the conducting airways will be dependent on the acoustic impedance presented to the waves at any given point within the system. The acoustic impedance is denned by the ratio of acoustic pressure to volume velocity.
In the ideal case of plane waves travelling along an infinite rigid-walled tube, the acoustic impedance seen at any point is constant and dependent on both properties of the medium and the dimensions of the tube (Kinsler and Frey, 1962): Acoustic impedance, Z = ŵ here a -velocity of propagation, p = density of gas in the tube, S = cross sectional area of the tube.
In this case the acoustic impedance is known as the characteristic acoustic impedance and is directly analogous to refractive index in the transmission of light. Partial transmission and partial reflection of light occur with changes in refractive index. In a similar way, acoustic waves will undergo partial reflection and transmission at any point where the acoustic impedance changes, such as might occur with changes in the geometry of the tube. In these situations the reflected component will be travelling in the opposite direction to the incident wave. The summation of incident and reflected waves travelling in opposite directions produces the conditions under which standing waves or resonance may be produced.
